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Plants can remember periods of cold several weeks
later and respond by switching from vegetative to
reproductive development. Recent findings shed
light on this phenomenon by showing that a gene
responsible for keeping this memory encodes a
member of the Polycomb group of proteins.
In flowering plants, the transition from vegetative
growth to flowering is controlled by both develop-
mental and environmental signals. Using Arabidopsis
thaliana as a model system, four major flowering
promoting pathways have been defined genetically.
The pathways that respond to photoperiod and
‘vernalization’ — a period of cold treatment that accel-
erates flowering — promote flowering by integrating
environmental signals, whereas the autonomous and
gibberellin pathways act largely independent of the
environment, but depend on the developmental com-
petence of the plant [1]. Many Arabidopsis ecotypes
collected at high latitudes or alpine regions are winter
annuals that flower in spring after exposure to winter
conditions. In the laboratory, these ecotypes flower
very late, but they flower much earlier when the
seedlings are exposed to prolonged cold treatment.
The requirement for vernalization ensures that
flowering occurs in spring, providing the maximal
opportunity for seed set.
Vernalization often occurs at the seedling stage,
with flowering occurring weeks later. The meristem thus
has to remember this stimulus over several cycles of
cell division, suggestive of an epigenetic process. It
was hypothesized that DNA methylation is the epige-
netic mark that enables the cell to recall previous cold
conditions [2]. A recent study by Gendall et al. [3] has
shed new light on the epigenetic basis of vernalization
by showing that a Polycomb group protein is involved
in the maintenance of the vernalization response.
Epigenetic regulation of gene expression has been
extensively studied in the fruitfly Drosophila. During
embryogenesis in Drosophila, the expression of
homeotic genes is established by segmentation genes,
and the transcriptional repression that contributes to
the patterning is maintained by the action of Poly-
comb group genes. Interestingly, plants seem to use
the same protein machinery to stably maintain genes
in a repressed state. But the targets of Polycomb
group proteins in plants are MADS box genes, rather
than homeobox genes as in Drosophila. This was first
demonstrated for the Polycomb group protein CURLY
LEAF that regulates expression of the MADS box gene
AGAMOUS [4].
Before the work of Gendall et al. [3] it had been
established that FRIGIDA (FRI) and FLOWERING
LOCUS C (FLC) play a central role in the vernalization
response [5,6]. FRI encodes a novel protein that
increases the mRNA level of the MADS box gene FLC
[7–9]. FLC acts as a strong floral repressor by nega-
tively regulating the expression of genes that promote
the floral transition. Vernalization promotes flowering
by downregulating expression of FLC [8,9]. The dura-
tion of cold treatment correlates with the extent to
which FLC mRNA is reduced and flowering is pro-
moted. FLC expression is also downregulated by genes
involved in the autonomous floral promotion pathway,
including FCA, LUMINIDEPENDENS, FVE and FPA.
Mutations in these genes result in upregulated FLC
mRNA levels and a late flowering phenotype that can
be reversed by vernalization, indicating the central role
of FLC in floral transition [8,9].
Several vernalization (vrn) mutants have been isolated
which are unable to reduce the FLC mRNA in response
to cold temperature, indicating that they carry defects
in regulators of FLC expression [10]. Gendall et al. [3]
have now shown that vrn2-1 carries a mutation in a
nuclear-localized zinc finger protein which is similar to
the Drosophila Polycomb group protein Suppressor of
zeste 12 [11] and two other proteins from Arabidopsis,
FERTILIZATION-INDEPENDENT SEED 2 (FIS2) [12]
and EMBRYONIC FLOWER 2 (EMF2) [13]. The vrn2-1
mutant was isolated in a genetic screen for mutations
that cause an inability to respond to cold treatment
[10] when combined with the  fca-1 mutation, which
alone causes a late-flowering but vernalization-
responsive phenotype.
FCA is an RNA-binding protein which is required for
downregulation of FLC expression [14]. The fca-1
vrn2-1 double mutant exhibits a clear reduction in its
vernalization response that correlates with increased
FLC mRNA levels [15]. Furthermore, the double mutant
plant flowers later than the fca-1 single mutant,
indicating that VRN2 promotes flowering in an fca-1
background. Similar observations were made with
vrn2-1 in other mutant backgrounds causing FLC
upregulation: fve-1 and a dominant FRI mutation. In a
wild-type background, however, vrn2-1 causes no
reduction in flowering time.
VRN2 function is therefore only revealed in the
presence of mutations leading to an upregulation of
FLC expression [3]. This prompted Gendall et al. [3]
to examine in detail the FLC mRNA profile in the vrn2-
1 fca-1 double mutant after vernalization treatment
during development. As expected, in fca-1 mutants,
the FLC mRNA level decreased after the transfer of
vernalized seedlings to normal growth conditions, and
remained stably repressed during development.
Similarly, immediately after shifting the fca-1 vrn2-1
double mutant from cold to normal conditions a
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decrease in FLC mRNA level was observed. But this
low FLC mRNA level is not maintained during devel-
opment: FLC levels were seen to increase several
days after the transfer from vernalization.
These data indicate that VRN2 itself is required, not
for the initial vernalization-induced decrease of FLC
mRNA, but rather for the stable maintenance of FLC
repression. This indicates that VRN2 behaves in a
functionally similar way to Polycomb group proteins of
Drosophila, and thus contributes to the epigenetic
basis of vernalization. Polycomb group proteins most
likely exert their function by remodeling the chromatin
structure of their target genes [16]. Consequently,
Gendall et al. [3] tested whether the FLC gene has a
different DNAse sensitivity in fca-1 and vrn2-1 fca-1
seedlings after vernalization. They found that, indeed,
the vrn2-1 mutation causes a higher DNAse sensitivity
within the first intron of FLC after vernalization.
VRN2 is a member of a small gene family in
Arabidopsis. One of the homologs, FIS2, was identified
in mutant screens that also identified the Polycomb
group genes MEDEA (MEA) and FERTILISATION
INDEPENDENT ENDOSPERM (FIE) [12,17,18]. These
are homologs, respectively, of the Drosophila genes
enhancer of zeste and extra sex combs. Although FIS2
has not been shown to directly interact with MEA and
FIE, they most likely act together to regulate gene
expression. Therefore, it will be interesting to study
whether VRN2 is present in a protein complex with
proteins homologous to MEA and FIE. As VRN2 expres-
sion was not altered by vernalization, VRN2 function
may be regulation by recruiting a constitutively present
VRN2 complex to target genes, such as FLC.
The work of Gendall et al. [3] gives us an insight into
the epigenetic basis of vernalization in plants. The fact
that vernalization is regulated by a Polycomb group
protein indicates that similar mechanisms for remem-
bering transcriptional states are used in animals and
plants. This work sets the stage for investigating new
interesting questions — for example, what gives rise
to the initial downregulation of FLC, and is there a
connection between VRN2 and DNA methylation? —
and points the direction for further research.
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Figure 1. A model for the action of the
Polycomb group protein VRN2 in
vernalization, based on the results of
Gendall et al. [3].
vrn2 mutants show an increased DNAse
sensitivity of FLC after vernalization sug-
gesting that VRN2 changes the structure
at the FLC locus by recruiting a protein
complex with chromatin remodeling activ-
ity. This could establish or maintain the
epigenetic mark, which enables the plant
to remember periods of cold temperature
for several weeks. (Pictures courtesy of
Caroline Dean.)
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